I. Opaline release in Aplysia provides a simple model system for examining the biochemical and electrophysiological mechanisms underlying glandular secretion and its modulation.
I. Opaline release in Aplysia provides a simple model system for examining the biochemical and electrophysiological mechanisms underlying glandular secretion and its modulation.
The opaline gland is a large multivesicular structure, which is innervated by at least three large identified motor neurons located within the right pleural ganglion (28) . In this paper we have investigated the roles of dopamine (DA), acetylcholine (ACh), and serotonin (5-HT) in this simple neural system.
2. DA infusion produces a gland contraction that is similar to the response produced by neural activity in the previously identified opaline motor neurons.
3. The gland response to DA infusion is not affected by blocking synaptic transmission in the gland, suggesting that DA acts directly on muscle cells surrounding the gland and not through interposed interneurons.
4. In addition to its effect of producing contractions of the gland, DA enhances the size of subsequent neurally evoked gland contractions and increases the size of excitatory junctional potentials (EJPs) recorded from the opaline gland. Thus DA may have an additional modulatory role in opaline release. 5 . DA antagonists such as fluphenazine and haloperidol inhibit the gland response to DA and also block the gland contraction produced by neural activity in the identified motor neurons. In addition, the DA antagonists reversibly block the EJPs recorded from the gland cells. Compounds known to block the effects of ACh or 5-HT have no effect on the dopamine-induced gland contractions, the contractions produced by firing the motor neurons, or the EJPs evoked by motor neuron stimulation. These results suggest that DA may be the neurotransmitter used by the identified opaline motor neurons.
6. ACh produces a decrease in pressure recorded from the lumen of the opaline gland that can be blocked by hexamethonium.
7. While 5-HT does not directly produce a contraction, treatment of the gland with the transmitter increases the size of subsequent gland responses produced either by DA infusion or activity in the opaline motor neurons. This enhancement has a relatively slow onset and long duration and persists for more than 15 min after the serotonin is washed out. In 60% of the experiments 5-HT also increased the size of the EJPs recorded from the opaline gland. The results suggest a modulatory role for serotonin in opaline secretion similar to the one it plays in other neural systems in Aplysia. INTRODUCTION The opaline gland is a large multivesicular structure, which expels opaline into the seawater by contracting when a noxious stimulus is applied to the animal. Recently, motor neurons have been identified in the right pleural wxl ion tha t are responsible for much, i .f not all, of the m otor control of opaline release (28) . Thus, opaline secretion provides a simple system where the biochemical and electrophysiological aspects of glandular exam i secretion and .ned directly.
its modulation can be
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tern to address the following questions. What neurotransmitter is directly responsible for producing the contraction of the gland and is that transmitter released by the opaline motor neurons? Do the properties of the peripheral receptors for the neurotransmitter resemble other receptors in vertebrate or invertebrate central nervous systems? Can the gland contraction be modulated by transmitters in a way similar to the modulation of other recently described effecters in Aplysia (18, 20, 25, 3 1) .
We have found that dopamine (DA) produces a gland response similar to the effect of neural stimulation and that DA may be the neurotransmitter released by the identified opaline motor neurons. Furthermore, DA produced an increase in the size of neurally evoked gland contraction and enhanced the size of excitatory junctional potentials (EJPs) recorded from muscle cells in the gland, suggesting that DA may perform a dual role as both an excitatory transmitter and a neuromodulator in the opaline gland response. In addition, serotonin (SHT), while not capable of producing a gland contraction by itself, produces a long-term enhancement of the gland response elicited by either DA infusion or activity in the motor neurons. These results suggest a role for these transmitters in producing and modulating the process of opaline secretion.
A preliminary report of some aspects of this work has been presented earlier (29).
METHODS
Ap/y.sia calijbrnica, supplied by Pacific Biomarine Laboratories (Venice, Ca), weighing between 100 and 250 g, were used in all experiments.
Animals were anesthetized by injection of a volume of isotonic MgClz equal to one-half the animal's body weight. Dissection was carried out at room temperature in a solution made up of 50% isotonic MgClz and 50% buffered artificial seawater (ASW) (10 mM Tris, pH = 7.4).
Details of the in vitro preparation used have been previously reported (28) . Briefly, the circumesophageal ring connected by nerve P5 (14) to the opaline gland and a small portion of the body wall surrounding the external opening of the gland were removed from the animal and placed in an experimental chamber (volume, 50 ml). Standard electrophysiological techniques were used for intracellular recording and stimulation of the identified opaline motor neurons in the right pleural ganglion (28) . The size of the gland contraction was monitored by measuring the pressure recorded from the lumen of the gland. A gland response could also be produced by direct stimulation of nerve P5 using Ag-AgCl electrodes fixed in the bath.
In order to infuse the gland with test solutions, the branch of the anterior aorta supplying the gland was cannulated with a piece of polyethylene tubing. The tubing was connected to a reservoir of ASW (Instant Ocean, Aquarium Systems Inc., Eastlake, Ohio) buffered with 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (pH = 7.6). A small volume (0.2-0.5 ml) of a test solution was infused into the cannula tubing as a pulse using a syringe operated by hand. The test substances were washed out by infusing a volume of ASW that was lo-20 times the volume of the test pulse. During the experiments the chamber was also constantly perfused with buffered ASW at a rate of 0.5-l ml/min and the temperature of the bath was maintained at 15 t 2OC, using a feedback-controlled thermoelectric cooling unit.
A second in vitro preparation was used to study the effects of test substances on the EJPs recorded from cells on the surface of the opaline gland. These surface cells presumably contribute to the gland contraction since I) the cells have ultrastructural features including thick and thin filaments that are characteristic of other muscle tissues in Aplysia (J. N. Howell, unpublished observations), and 2) we have previously shown that the cells receive excitatory input from the identified opaline motor neurons (28) . In this preparation the ganglia and opaline gland were dissected out with nerve P5 intact and placed in a small chamber (volume, 10 ml). In order to decrease the movement of the gland produced by neural stimulation, 20-gauge nylon net was stretched over the surface of the opaline gland and pinned securely to the bottom of the chamber. This virtually immobilized the gland but the surface was still accessible for intracellular recording in the areas between the threads. Individual muscle cells (20-40 pm wide) could be directly visualized with 50X magnification and were impaled with single-barrel glass microelectrodes, beveled to final resistances of 12-20 MQ. An identified opaline motor neuron was impaled with two microelectrodes, one for recording and one for intracellular stimulation. The motor neuron was fired with intracellular depolarizing current pulses at 0.1 Hz throughout the experiment.
Compounds were tested by perfusing the chamber with 30-40 ml of ASW containing the appropriate concentration of drug. The perfusion was stopped and stimulation of the motor neuron was continued for 5-20 min to observe the effect of the substance on the EJPs. The test solution was washed out by perfusing the chamber with at least 60 ml of the control solution of buffered ASW ( 10 mM HEPES, pH = 7.6) to examine the reversibility of the effects. In most cases recordings from a single opaline gland cell were stable for over 4 h so that several compounds could be tested for their effects on the EJPs from the same cell. Synaptic input to the opaline motor neurons was examined by delivering electric shocks to suction electrodes placed on various nerves arising from the ganglia. The experiments involving this second preparation were carried out at room temperature (23 t 1 "C were insoluble at neutral pH so these drugs were diluted in ASW having the following composition (in mM): 470 NaCl, 10 KCl, 10 CaC12, 55 MgC&. The solution was brought to pH 5.0 with 1 N HCI. In control experiments where the preparation was perfused with the low-pH ASW without the antagonists, the responses were unaffected by exposure to this solution alone for periods of up to 20 min, which was equal to the longest time period used in testing the effects of the drugs. Effects attributable to the presence of fluphenazine and haloperidol occurred less than 5 min after treatment with the drugs began. The actions of the putative neurotransmitters were not affected at that pH.
RESULTS
In an initial series of experiments eight putative neurotransmitters (ACh, DA, 5-HT, glutamic acid, glycine, y-aminobutyric acid, histamine, and octopamine) were tested for their effects on the base-line pressure recorded from the opaline gland in the absence of neural stimulation. The list of putative neurotransmitters was not meant to be exhaustive but rather to be representative of substances that are present or that have been shown to have postsynaptic effects on neurons or muscle in Aplysia (3-5, 12, 13, 15, 17, 2 1, 25-27, 30, 3 1, 33). Initially the transmitters were infused into the arterial cannula in relatively high concentrations ( 10B3-lob4 M). Only two transmitters were found to produce a change in base-line pressure in the unstimulated opaline gland. DA infusion caused an increase while ACh caused a decrease in the base-line luminal pressure. Infusions of the other compounds produced no marked or consistent changes in the pressure recorded from the gland. Since the remaining substances did not directly alter the state of gland contraction, we then tested each for a putative role in modulating the gland response produced by neural stimulation. The experiments were performed by infusing the compounds into the arterial cannula at a concentration of 1 Om3-1 Oe4 M and then electrically stimulating nerve P5 to produce a gland contraction. Infusion of 5-HT was associated with enhancement of the size of the response while the other substances had no effect on the size of the neurally evoked gland contraction. Subsequent experiments were directed toward further characterizing the pharmacological and electrophysiological nature of the opaline gland response to DA, ACh, and 5-HT. DA infusion produced a visible shortening of the opaline gland accompanied by an increase in pressure recorded from the lumen of the gland. The opaline gland response to DA infusion had a relatively long time course (Fig. 1 , upper panel). The increase in pressure usually reached a maximum lo-20 s after the end of injection and required l-2 min to return to base line. The effect of DA on the gland could be terminated more quickly by washing out the test infusion with buffered ASW.
The gland response to DA was proportional to the amount of transmitter infused. The dose-response relationship was examined by holding the volume of the infusion constant at 0.4 ml and increasing the concentration of DA in the sample. Infusion of lo-*-10m9 M DA produced a detectable increase in luminal pressure. The size and du- ration of the pressure change increased as the concentration of DA was raised from 10e9 to 10m4 M. Further increases in the DA concentration did not result in larger pressure changes. EFFECT 
OF DOPAMINE ANTAGONISTS. ShCe
DA produced a gland contraction in the absence of neural stimulation, we examined whether the response to DA was affected by known DA antagonists. Typical results of such an experiment are shown in Fig. 1 . In this experiment, 10B4 M fluphenazine was infused into the cannula, followed 1 min later by infusion of a solution containing the same concentration of antagonist plus a concentration of DA that had previously produced a gland response in that preparation (upper trace of Fig. 1 ). The middle trace of Fig. 1 shows that pretreatment with fluphenazine blocks the response to a previously effective concentration of DA. Two other known DA antagonists, haloperidol and ergonovine, also blocked the gland contraction produced by DA infusion (not shown). Although the absolute concentration of the DA antagonists necessary to block the gland response varied in different preparations, the ratio of the concentration of antagonist to the concentration of DA for complete block was usually lo-100. In contrast, ACh antagonists such as hexamethonium and 5-HT antagonists such as methysergide did not affect the gland response to DA infusion, even at concentrations more than 1,000 times that of DA.
The experiment illustrated in Fig. 2 shows that DA infusion produces a gland response even in the presence of divalent cations that inhibit synaptic transmission. Vascular perfusion of ASW containing increasing concentrations of CoCl* resulted in a graded block of the gland contraction produced by firing an identified opaline motor neuron. As shown in Fig.  24 5 mM CoCl, completely inhibited the gland response to motor neuron stimulation. Cobalt has been shown to block calcium currents in other invertebrate neurons (8) and presumably blocked the neurally evoked gland contraction by preventing calcium-dependent transmitter release. However, as illustrated in Fig. 2B , the gland response to DA is unaffected by the presence of cobalt. ASW containing high concentrations of Mg2+ (220 mM) and low Ca2+ (1 mM) was also capable of blocking the response evoked by the motor neuron but did not eliminate the response to DA (not shown). The studies, coupled with the experiments involving DA antagonists, show that infusion of DA can produce a gland response even when synaptic transmission is blocked and suggest that the transmitter acts directly on specific DA receptors to produce contraction of the gland. MODULATION OF EJPS BY DOPAMINE.
During the initial screening experiments we observed that DA infusion enhanced the size of subsequent gland contractions produced by neural stimulation. The enhancement persisted for 5-10 min after washing out the DA with ASW. To modulate the gland response to neural stimulation, it was necessary to use concentrations of DA near threshold for producing a gland contraction. Therefore, the modulatory effect could be due to a change in the resting tension of the muscle cells in (28) . The motor neuron was stimulated intracellularly at 5-min intervals. In order to obtain a reproducible number of spikes in the motor neurons with successive trials, we found it helpful to depolarize the cell with a 1.9-s subthreshold prepulse and then, after a l-s delay, to superimpose an 850 ms duration train of suprathreshold depolarizing pulses. In each case, six action potentials were produced in the motor neuron. Al: gland contraction elicited by motor neuron stimulation 1 min after infusion of 0.5 ml of buffered ASW. A*: 1 min after the gland was perfused with 1 ml of buffered ASW containing 5 mM CoCl*, the motor neuron was again stimulated and the contraction was blocked. A3: 15 min after washing out the 5 mM CoCIZ with 10 ml of buffered ASW, firing the motor neuron again produced a contraction equal to the control. B: effect of cobalt on the gland response to DA infusion. Pressure tracings show the gland contractions produced by infusion of DA during the time periods indicated by bars below. B,: 1 min following infusion of 0.5 ml buflered ASW, a gland contraction was produced by infusing 0.2 ml of buffered ASW containing 10m6 M DA. B2: the gland was perfused with 1 ml of buffered ASW containing 5 mM CoC12, which in A2 was sufficient to inhibit completely the gland response produced by the motor neuron; 1 min later an infusion of 0.2 ml of 10e6 M DA in ASW plus 5 mM CoCl* produced a gland contraction nearly equal to the response in buffered ASW. B3: after washing out the cobalt with 10 ml buffered'ASW over 15 min, a third infusion of !Om6 M DA produced a gland contraction equal to the pretreatment size. the gland so that the increased amplitude might simply be due to a mechanical advantage produced by a change in stretch. To characterize further possible direct and modulatory effects of DA on the opaline gland, we used a second electrophysiological preparation where simultaneous intracellular recordings were made from both the opaline motor neurons and muscle cells located on the surface of the gland. Using this preparation we could examine the effect of DA on I) the resting membrane potential of opaline gland cells that receive synaptic input from the motor neurons and 2) the EJPs produced by motor neuron stimulation. We also examined selected synaptic input to the opaline motor neurons during application of DA by applying a brief (5 ms) electric shock to the right connective, which has previously been shown to produce both fast and slow excitatory input (28) . Since both the ganglia and the gland were exposed to the test solution over the same period of time, testing synaptic input within the ganglia acts as a control to show that the concentrations used did not affect 'all synaptic connections.
Application of DA to the bath was not accompanied by any consistent change in the membrane potential recorded from the cells on the surface of the gland. However, as shown in Fig. 34 treatment of the preparation for 3-5 min in lo-"-10e5 M DA enhanced the size of the EJPs produced by motor neuron stimulation. The size gradually returned to pretreatment level over lo-15 min after washing the DA out of the bath with fresh ASW. This effect of DA appeared to be specific for the excitatory connections recorded from the opaline gland cells since, as shown in Fig. 34 3. Effect of dopamine on EJP size and synaptic input to opaline neurons. A: effect of DA on EJPs. Action potentials were fired in an opaline motor neuron (lower traces) with intracellular depolarizing current pulses (see also Fig. 2 ). Throughout the experiment the motor neuron was stimulated at 0.1 Hz while simultaneous recordings were-made from a cell on the surface of the opaline gland (upper traces). Al: control EJP in the gland cell while the preparation was perfused with buffered ASW. AZ: the solution in the chamber was replaced by ASW containing 10e5 M DA, and after 4 min of treatment the amplitude of the EJP had increased by 60%. A3: after washing out the DA with buffered ASW the EJP was still 30% larger than control and required an additional 5 min to return to pretreatment size. B: effect of dopamine on synaptic activity in opaline motor neuron. Immediately following the action potentials shown in A, synaptic input to the motor neuron was tested by delivering a single 5 ms duration shock to the right connective (arrow). Right connective stimulation produces fast and slow excitatory input in the motor neurons. B,: synaptic input when the preparation was in ASW. Bz: treatment of the preparation with 10e5 M DA for 4 min did not affect EPSPs in the motor neuron although the same treatment enhanced the amplitude of EJPs in the gland cell (see A*). B3: synaptic input 10 min after washing out the DA with ASW. The connective stimulation presented alone did not facilitate EJPs.
or slow excitatory input to the motor neurons following right connective stimulation under the same conditions. The DA enhancement of the EJPs following motor neuron stimulation suggests that the transmitter may also play a modulatory role in opaline gland contraction.
Eflects of dopamine antagonists on neurally mediated gland responses NERVE-INDUCED CONTRACTIONS.
The fact that the features of gland contraction in response to DA infusion appeared similar to the gland contraction produced by neural stimulation raised the possibility that DA may be the neurotransmitter that activates contractile cells that produce opaline secretion. We therefore examined the effects of the DA antagonists on neurally mediated gland contractions. Figure 4 shows the effect of the DA antagonist fluphenazifie on the gland contraction produced by electrical stimulation of nerve P5. Increasing the concentration of fluphenazine produced a graded reduction in the size of the gland contractions and the effect was fully reversed by washing out the drug (Fig. 4A) . Figure 4B summarizes the data from seven preparations and shows the dose-related inhibition of the neurally evoked gland response produced by fluphenazine. Haloperidol also reversibly inhibited the gland contraction elicited by stimulation of nerve P5 when infused at concentrations between 10B4 and 10B3 M. In contrast, the nerve- related decrease in size of the gland contraction, the time required for recovery of the gland response was related to the concentration of the dopamine antagonist infused. Partial inhibition of the gland contraction by low concentrations of the blockers was reversed by infusing 5-10 ml of ASW through the arterial cannula over 5-10 min. At concentrations high enough to completely block the response, the preparations required infusion of 20-40 ml of ASW over 45-60 min for recovery.
CONTRACTIONS
PRODUCED BY MOTOR NEU-RONS.
Three motor neurons located in the right pleural ganglion account for a major portion of the motor input to the opaline gland via nerve P5 (28) . The fact that dopamine antagonists could inhibit the gland response elicited by stimulation of nerve P5 suggested that the blockers might also be affecting the action of the identified opaline motor neurons. Therefore, we next examined the effect of fluphenazine on the gland response produced by the identified opaline motor neurons, as shown in Fig. 5 . Increasing the concentration of fluphenazine produced a graded block of the contractions evoked by motor neuron stimulation, and the effect could be reversed by washing out the drug (Fig. 5A) . The dose-response curve (Fig. 5B) showed that fluphenazine inhibited the gland contraction produced by motor neuron stimulation over the same dose range that blocked the gland response elicited by stimulation of nerve P5. The gland response to motor neuron stimulation was also blocked by haloperidol at concentrations between 10s4 and 10m3 M but was unaffected by cholinergic or serotonergic antagonists when tested at the same or higher concentrations. These results suggest that the identified opaline motor neurons act via a dopaminergic mechanism to produce gland contraction. EFFECTS ON EJPs.. Since DA antagonists block the gland contractions produced by the identified motor neurons, we next examined the effects of the drugs on EJPs recorded during motor neuron stimulation as shown in Fig. 6 . Both haloperidol and fluphenazine reversibly blocked the EJPs recorded from cells on the surface of the gland. However, for most of the EJPs examined, there was not a clear-cut dose-response relationship between the size of the EJPs and the concentration of antagonist in the bath. Concentrations of the drug lower than that required to completely block the EJPs did not produce a proportional reduction in the size of the EJPs. However, in all preparations the EJPs could be blocked within 5 min by treatment with the drugs at bath concentrations between low4 and 10m3 M. In all cases, when the DA antagonists blocked the EJPs, there was no detectable decrease in the synaptic input recorded from the opaline motor neurons after right connective stimulation (Fig.  6B ). This argues against the possibility that the DA antagonists have a nonspecific local anesthetic-type action (see Ref. 9 for discussion). In addition, cholinergic and serotonergic antagonists such as hexamethonium and methysergide did not affect the size of the EJPs, even at a concentration of lo-* M. These experiments lend additional support to the suggestion that DA may be the transmitter utilized by the identified opaline motor neurons.
Gland response to acetylcholine
Infusion of ACh into the arterial cannula resulted in a decrease in pressure recorded from the lumen of the opaline gland and was associated with a slight lengthening of the gland. The decrease in pressure from base line occurred relatively slowly, reaching a 6 . Effect of haloperidol on EJPs and synaptic activity in the pleural motor neurons. A: effect of haloperidol on EJPs. Action potentials were fired in an opaline motor neuron (lower traces) by stimulating the cell with a 20-ms depolarizing pulse. In order to obtain reliable activation of the motor neuron, the 20-ms pulse was preceded by a 1.4-s subthreshold PU lse. Throughout the experiment the motor neuron was stimulated at 0.1 Hz while making simultaneous recordings from a cell on the surface of the opaline gland (upper traces). Al: EJP following a single action potential in the motor neuron when the preparation was in ASW. AZ: after replacing the control solution with ASW containing 2 x 10e4 M haloperidol, the EJP was abolished within 4 min. A3: within 10 min after washing out the haloperidol with ASW, the EJP had returned to control size. B: effect of haloperidol on synaptic input to the opaline motor neuron. Immediately following the action potentials shown in A, synaptic input to the motor neuron was tested by delivering a single shock (5 ms duration) to the right connective (arrow). Right connective stimulation produces an initial fast EPSP followed by a slow EPSP, which lasts many seconds (see also Ref. 28) . Bl: EPSP when the preparation was in the control solution of buffered ASW. B2: treatment of the preparation with ASW containing 2 X lop4 M haloperidol for 4 min did not affect the synaptic input in the motor neuron, although the EJP in the gland cell was abolished (see AZ). B3: synaptic input 10 min after washing out the haloperidol with buffered ASW. maximum 1 S-30 s after infusion. The pres-sponse was not affected by DA or serotonin sure then gradually returned to the preinfuantagonists such as fluphenazine or methsion level over the next l-2 min. The recov-ysergide. ery could be accelerated by infusing buffered ASW to wash out the transmitter. The con-Efect of serotonin on neurally mediated centration threshold for obtaining a gland gland responses response to ACh was lo-*-10V9 M. IncreasIn the initial experiments where subing the concentration of ACh infused from stances were screened for their effect on the 10m9 to 10B4 M produced larger and longer opaline gland, we found that infusion of 5-lasting decreases in the pressure compared HT did not produce a change in pressure to the base-line level. The effect of ACh on recorded from the gland even at 10B4 M, the opaline gland was obse rved eve Nn after cutting nerve P5, suggesting that the action of the transmitter is independent of input which was the highest concentration tested. However, infusion of 5-HT produced enhancement of the size of subsequent gland from the central nervous system. The gland contractions. Figure 7A shows a typical exresponse to ACh was reversibly blocked by treating the gland with the choline& antagonist hexamethonium at 1 OO-1,000 X the concentration of ACh. However, the reample of the 5-HT enhancement of opaline gland contraction and demonstrates its characteristic slow onset and long duration. There was a slight increase in the size of the gland AND J. H. BYRNE contraction immediately following 5-HT infusion, and the size continued to increase over the next 5-10 min to a maximum of 40% above control. The size of the gland response remained increased above pretreatment levels for 15-20 min despite the fact that the vascular system was washed with 1 O-20 vol of ASW within the first 5 min after 5-HT infusion. Figure 8 illustrates that 5-HT infusion also has the same effect on the gland contraction produced by intracellular stimulation of identified motor neurons. In the experiment shown in Fig. 84 gland contractions were produced by firing the same number of action potentials in one of the opaline motor neurons. 5-HT enhancement of the gland contraction elicited by motor neuron stimulation also showed a gradual buildup that reached a maximum after the transmitter had been washed out. In this particular experiment, the size of the response was still slightly larger than control 15 min after 5-HT infusion. The results from this series of experiments are summarized in Fig. 8B and show that low concentrations of 5-HT also produced a long-term enhancement of the gland contraction elicited by motor neuron stimulation.
The gland became refractory to the enhancing effect of 5-HT infusion. were all produced by initiating eight action potentials in an opaline motor neuron (shown in the bottom panel). The cell was stimulated intracellularly with a 1.8-s subthreshold depolarizing pulse, and after a l-s delay, an 800-ms suprathreshold train, which was made up of lOO-ms pulses at 4 Hz, was superimposed. The first set of tracings show the gland response prior to infusion of 0.3 ml of 10m6 M 5-HT, which was designated as time 0. The motor neuron was stimulated 1 min after infusion, and then the gland was perfused with 2 ml of buffered ASW to wash out the S-HT. The gland response was tested by stimulation of the motor neuron at 5-min intervals. B: summary of data. The amplitude of the gland contraction at each time following 5-HT infusion was expressed as a percent of the control amplitude in each experiment. Data points are means from seven experiments.
response, a second infusion of S-HT within 45-60 min of the first treatment did not produce a significant effect. Reproducible enhancement of gland contraction could be produced by waiting several hours before treating the gland with a second infusion of S-HT. These results suggest that although 5-HT does not appear to produce a direct effect on the gland, it may act as a modulatory neurotransmitter.
To obtain more information on the action of 5-HT on opaline gland contraction, we examined the effect of 5-HT on the EJPs recorded from the surface muscle cells using the preparation previously described. EJPs were produced by intracellular stimulation of one of the opaline motor neurons, and then the ASW in the bath was replaced with a IO-' M solution of 5-HT. Application of 5-HT did not produce a consistent change in membrane potential recorded from the cells, but in six of nine cases the size of the EJPs increased by an average of 75% compared to control within 5 min after perfusing the bath with 5-HT. In four experiments where the enhancement of the EJPs was observed, the size of the EJPs returned to pretreatment levels within 5 min after washing out the 5-HT solution and perfusing the bath with ASW alone. In the remaining two cases the EJPs remained larger than the control size for approximately 10 min before gradually decreasing to pretreatment level. In no experiment were the effects of 5-HT on the EJPs as long lasting as its effects on the gland contraction.
DISCUSSION
Evidence that dopamine is a neurotransmitter for opaline gland With this combined pharmacological and electrophysiological approach, we have obtained evidence that DA plays a role in mediating contractions of the opaline gland. DA infusion mimicked a neurally mediated gland contraction by producing a visible shortening of the opaline gland and an increase in luminal pressure (Fig. 1) . The response to DA infusion appears to be a direct effect of the transmitter on the contractile elements of the opaline gland rather than a neurally mediated response triggered by DA. This is suggested by I) the absence of spike activity in the motor neurons during DA infusion, 2) the absence of any change in the DA response when nerve P5 is cut to isolate the opaline gland from the head ganglia, and 3) the presence of a response to DA infusion when the preparation is treated with high concentrations of Mg2+ or Co2' (Fig. 2) .
The direct effects of DA infusion could be blocked by pretreating the gland with DA antagonists such as fluphenazine, haloperidol, and ergonovine (Fig. 1 ). These agents have been shown to be potent ligands for DA receptors in the mammalian central nervous system (22) and antagonize the action of dopamine on other neural and muscle tissues in many invertebrates (1, 11, 23) including Apksia (9, 10, 24, 26) . The compounds did not affect the gland response to ACh, suggesting that the pharmacologic blocking effects are specific for the action of DA.
A role for DA in the neurally mediated gland response was suggested by the similarity between the contraction produced by dopamine infusion and that produced by stimulation of either nerve P5 or the previously identified opaline motor neurons (cf. Figs. 1,  4, and 5) . Pharmacologic blocking agents were tested for their ability to inhibit-neurally mediated gland contractions, and only the DA antagonists were effective. The concentrations of DA antagonists required to block neurally evoked responses were also effective in blocking the gland contraction produced by infusion of DA at 100 X threshold. In addition to blocking the pressure changes within the gland produced by neural stimulation, the DA antagonists reversibly inhibited the EJPs recorded from the opaline gland cells.
The blocking action of the DA antagonists on the EJPs was similar in several respects to their inhibition of neurally mediated gland contraction in that the block could be achieved in a relatively short treatment period, the inhibition could be reversed by washing out the drug, and the EJPs were only affected by compounds that also antagonized the action of DA. However the inhibitory effect of the DA antagonists on the EJPs did not show the graded response to increasing doses of drug. The origin of this difference between the dose-response relationships is presently unknown. One possibility is that the dopamine antagonists inhibit gland contraction by blocking excitatory postsynaptic potentials (EPSPs) from the opaline motor neurons onto interneurons in the gland interposed between the central motor neurons and the muscle cells. Other data, however, such as the graded nature of the EJP in highCa2+ solutions (28) and the graded changes in the gland contractions in the presence of various Co2+ solutions tend to argue against the presence of interposed interneurons within the gland, although morphological studies are necessary to examine whether a peripheral neuron network is present. An alternative explanation of this disparity in drug effects may involve differences in how the drugs were applied in the two preparations. The DA antagonists were infused through the arterial cannula in the preparation used to examine the block of the gland contractions, but the drugs were added directlv to the bath for the preparation used to examine their effects on the EJPs. Since the pattern of motor innervation in the opaline gland has not yet been fully characterized, it is not known whether these two methods of drug application produce similar distribution of the DA antagonists to the synaptic connections within the gland.
In addition to a role as a transmitter in the opaline gland, these experiments show that DA may have a modulatory action on the gland. Treatment of the gland with DA affected both the size of the pressure change during a contraction and the size of the EJPs produced by neural stimulation. It has previously been shown that the EJPs undergo both short-term facilitation and posttetanic potentiation (PTP) (28) . The DA modulation of the EJPs may play a role in producing these effects. Some of the facilitation and PTP could be due to a DA-mediated autofacilitation. DA has been shown to modulate other synapses in the ganglia (19) and gill (25) of Aplysia. In the gill, where DA may also act as an excitatory transmitter, it produces enhancement of neurally mediated contractions, even at low concentrations that do not produce a direct effect on gill muscles (25) . DA modulation of gill contraction is associated with increases in the size of the EJPs recorded extracellularly (25) .
Recently we have obtained some histochemical evidence for the presence of catecholamine-containing nerve fibers in the opaline gland (unpublished observations) using the glyoxylic acid fluorescence technique (7) . Since DA is the principal catecholamine present in Aplysia tissue (4), these histological results suggest that the gland receives dopaminergic innervation and provide further evidence that the transmitter has a physiological role in opaline secretion.
Evidence that acetylcholine is a neurotransmitter in opaline gland Infusion of ACh produced a decrease in luminal pressure recorded from the gland. The magnitude of the decrease was directly related to the concentration of the transmitter and its action could be terminated by washing the vascular system with ASW. The response to ACh could be inhibited by hexamethonium, which has been used as a specific antagonist for acetvlcholine in ADlvsia ganglia ( 15) and muscle (3, 6, 17) . ACh did not directly affect the resting potential or EJPs recorded from cells on the surface of the gland but we did not examine the effects of ACh on the electrophysiological properties of nonsurface muscle cells of the gland. In Aplysia, ACh has been shown to produce both constriction and dilatation of the major vessels (17, 2 1). If ACh infusion produces a marked change in vascular tone in the gland, this effect may account for the observed changes in luminal pressure.
Evidence that serotonin is a modulator of opaline gland contraction Intravascular perfusion of 5-HT did not produce a direct effect on base-line luminal pressure; however, the size of subsequent gland contractions was enhanced. The effect did not require the continued presence of significant amounts of 5-HT, since enhancement persisted after perfusing the vascular system with ASW, a treatment that quickly terminated the effects of DA or ACh infusions. Since the 5-HT enhancement was also observed in the isolated gland, the transmitter probably does not act by stimulation of a reflex pathway through the central nervous system. 5-HT enhanced the gland response produced by both infusion of DA and neural stimulation, suggesting that 5-HT may produce the modulation by acting directly on the muscle cells to alter the contractile response to the excitatory transmitter. The time course of the serotonin effect showed a relatively slow onset and long duration, which suggests that the transmitter may be producing its modulating effect through changes in cell metabolism.
The effect of 5-HT on the opaline gland is similar in many respects to the modulatory action of the transmitter in other systems in Aplysia. 5-HT mimics heterosynaptic facilitation of the gill-withdrawal reflex (2, 16) and can modulate the contractility of the heart (17, 18) and buccal muscles (20, 3 1) . There is evidence that these modulatory actions are mediated through 5-HT-induced increases in the intracellular concentration of cyclic adenosine monophosphate (CAMP) (2, 16, 18, 32) . Further studies will be necessary to determine whether 5-HT influences the intracellular level of CAMP in the opaline gland and whether increases in CAMP can mimic the modulatory effects of 5-HT.
In the majority of experiments, 5-HT increased the size of EJPs recorded from the muscle cells. Thus, in addition to any direct effect on the muscle cells, 5-HT may modulate neurally evoked contractions by acting presynaptically. Both pre-and postsynaptic elements may be modulated in the opaline gland in a manner similar to the modulation of buccal muscle by the serotonergic metacerebral cell (3 1) and the dopaminergic modulation of the gill (25) . As in the opaline gland, the duration of these modulatory effects on the EJPs is short relative to the duration of modulation of contraction in the gill or buccal muscles.
From our histofluorescence studies (see above) we have obtained evidence that 5-HT containing fibers also innervate the opaline gland. These results suggest that 5-HT may have a physiological role in modulation of opaline gland contraction. By combining the histological studies with electrophysiological techniques, it should be possible to identify the neurons providing the serotonergic innervation and to test whether these cells mediate an enhancement similar to the pharmacologic modulation. If any facilitator neurons were identified, their putative role as a generalized modulator of other defensive reflexes such as inking, gill and tail withdrawal, and escape locomotion could be tested.
In conclusion, further work will be necessary to establish the physiological role of these transmitters in opaline secretion. It will be important to confirm the dopaminergic nature of the opaline motor neurons. Since the cells have accessible peripheral processes and large readily identified cell bodies, it should be possible to test whether I) the neurons contain DA by direct biochemical assay, 2) the neurons can synthesize DA from labeled tyrosine injected into their somata, and 3) the labeled DA can be moved to the periphery via fast axonal transport. In addition, it may be possible to test for release of DA following stimulation of the motor neurons by collecting perfusate from the vascular system of the opaline gland. Establishing the dopaminergic nature of the motor neurons would allow these cells to be used as a model system to investigate various aspects of the biochemical, electrophysiological, and morphological properties of dopaminergic neurons.
